We report a cross-species expression profiling analysis of the human, mouse, and rat male meiotic transcriptional program, using enriched germ cell populations, whole gonads, and high-density oligonucleotide microarrays (GeneChips). Among 35% of the protein-coding genes present in rodent and human genomes that were found to be differentially expressed between germ cells and somatic controls, a key group of 357 conserved core loci was identified that displays highly similar meiotic and postmeiotic patterns of transcriptional induction across all three species. Genes known to be important for sexual reproduction are significantly enriched among differentially expressed core loci and a smaller group of conserved genes not detected in 17 nontesticular somatic tissues, correlating transcriptional activation and essential function in the male germ line. Some genes implicated in the etiology of cancer are found to be strongly transcribed in testis, suggesting that these genes may play unexpected roles in sexual reproduction. Expression profiling data further identified numerous conserved genes of biological and clinical interest previously unassociated with the mammalian male germ line.
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bioinformatics ͉ spermatogenesis ͉ transcriptome M eiosis and gametogenesis are critical processes in the transmission of genetic material to subsequent generations during sexual reproduction. A large number of genes involved in this process have been characterized in model organisms, such as budding and fission yeast (1) (2) (3) (4) and nematodes (5) , but comparatively few essential and specifically expressed loci are known in mammals, particularly humans (6, 7) . In males, mitotically growing spermatogonia develop into meiotic spermatocytes that give rise to haploid spermatids which differentiate into mature sperm. This pathway is controlled in part by somatic Sertoli cells that physically interact with germ cells and communicate with them by hormonal cues (for review, see refs. [8] [9] [10] [11] . Many of the loci required for meiotic landmark events such as recombination and gamete formation are known to be expressed only in cells capable of undergoing the process, but the regulatory network that confers germ-line-specific transcription in higher eukaryotes is poorly understood, especially at the mitotic and meiotic stages (12) .
Recent studies have identified a large number of genes active during gametogenesis using testicular expressed sequence tag libraries, serial analysis of gene expression (SAGE) and microarray profiling of enriched germ cell and testis samples from rodents (13, 14) . These array studies covered approximately one third of the genes currently known to be encoded by the mouse and rat genomes and showed that differentiating germ cells up-regulate hundreds of transcripts (15) (16) (17) , including many that encode germ-line-specific products (18) . Although numerous mRNAs have also been detected in mature human sperm, regulation of gene expression underlying germ cell development and the roles these transcripts may play during embryogenesis remain unclear (19) . Statistical analysis, using data from the Gene Ontology Consortium (20) , shows that genes known or predicted to be important for meiosis and reproduction are significantly enriched among loci expressed in testicular cell types (13) . Thus, profiling experiments likely help identify factors important for the meiotic developmental pathway in both yeast (3, 4) and mammals (14) .
In this study, enriched mitotic, meiotic, and postmeiotic germ cells were compared with somatic Sertoli cells to select differentially expressed mouse and rat loci. Among them, a group of conserved core genes were identified whose expression profiles in meiotic and postmeiotic germ cells are highly similar between rodents and human. Numerous potentially testis-specific loci were found by comparing the transcriptional activity of differentially expressed genes in testis to 17 somatic control tissues. Using whole-genome arrays covering all currently annotated genes in rodent and human genomes together with a comprehensive cross-species experimental approach revealed several hundred novel genes likely to be involved in the mammalian meiotic process. A graphical display of the expression data is available from the GermOnline database (www.germonline.org) that can be searched for individual genes as well as groups of loci (21) . Additional information, including analysis software and raw data, is available from the authors upon request [see supporting information (SI) Results].
Results and Discussion
Defining the Mammalian Testicular Expression Program. mRNA from highly enriched populations of rodent somatic Sertoli cells and mitotic spermatogonia, meiotic spermatocytes and postmeiotic round spermatids as well as isolated seminiferous tubules and total testis samples were analyzed by using high density oligonucleotide microarrays [ Fig. 1 ; see also SI Table 1 ]. Total and cRNA quality was found to be very homogenous (SI Fig. 5  a and b) and the overall reproducibility of the data was excellent as shown by a distance matrix (SI Fig. 5c ). The transcripts corresponding to GeneChip probe set IDs were annotated by using information provided by the GeneChip manufacturer and additional data retrieved by links to external databases (SI Fig.  6 a and b) .
Genes whose expression signals varied significantly between Sertoli cells, germ cells, tubules, and whole-organ controls were designated as ''differentially expressed in testis'' (DET) (this abbreviation is also used in the BioMart query form of GermOnline). This approach identified 9,280 and 5,895 probe sets that map to 7,066 and 5,140 unique protein-coding mouse and rat genes, respectively, representing Ϸ36% of the transcripts detected by the rodent GeneChips (22, 23) . The differentially expressed probe sets were further classified by using a hierarchical clustering algorithm (SI Fig. 7 a and b) . Somatic Sertoli cells and mitotic spermatogonia show similar profiles, distinguishing them from meiotic spermatocytes and postmeiotic spermatids clustered together with tubules and total testis samples (top dendrogram). This finding is in agreement with earlier observations using similar rat samples (15) . Subsequently, human chondrocytes and smooth vascular muscle cells were compared with enriched pachytene spermatocytes and postmeiotic round spermatids, yielding 6,499 probe sets that correspond to 5,119 unique genes as differentially expressed between somatic controls and germ cells (SI Fig. 7c ). Hierarchical clustering identified somatic, meiotic and postmeiotic expression classes (SI Fig. 7c , left dendrogram). As expected, the expression signals of differentially expressed genes distinguished the human somatic from the germ cell samples (SI Fig. 7c, upper dendrogram) .
Next, Mus musculus was selected as the reference species to determine the number of clusters within the testicular expression program because extensive annotation data are available, its sample set includes four testicular cell types, and it yields the largest number of differentially expressed genes. A clustering algorithm (partitioning around medoids [PAM]) was used to separate mouse genes into four empirically determined groups that best fit the cell populations analyzed. Seven thousand sixty-six genes were thus classified into broad somatic (1,684), mitotic (2,581), meiotic (1,809), and postmeiotic (1,435) expression clusters showing transcriptional peaks in somatic Sertoli cells, mitotic spermatogonia, meiotic spermatocytes and postmeiotic round spermatids, respectively (SI Fig. 7d ). Note that this classification is based on the strongest level of induction and does not necessarily reflect cell-type specific expression.
Identification of Conserved and Differentially Expressed Meiotic
Genes. To classify genes as ''conserved and differentially expressed in testis'' (CDET) (this abbreviation is also used in the BioMart query form of GermOnline), we first assembled a list of 10,610 mouse, rat and human homologs for which expression data were available ( Fig. 2a ) and identified 1,001 loci as being conserved at the peptide level and differentially expressed in all three species (Fig. 2b) . Finally, a group of 888 conserved genes showing very similar patterns in rodents (correlation coefficient of Ͼ0.8) was identified and distributed among the four clusters previously found to be differentially expressed in testis (DET). We made two striking observations. First, the majority of rodent genes showing strong expression in enriched somatic Sertoli cells and mitotic spermatogonia were not, or only barely, detected in adult tubules or total testis samples (Fig. 2c) . This underlines the importance of using highly purified populations when studying gene expression in cells that constitute only a small fraction of the total testicular cell mass. Second, most of the human orthologs of 255 somatic and 341 mitotic mouse and rat genes showed clear expression in nontesticular somatic controls. This result implies that the vast majority of the genes expressed in Sertoli cells and spermatogonia are also active in nonreproductive tissues such as chondrocytes and smooth vascular muscle. Our experiment also identified 217 meiotic and 144 postmeiotic genes, using enriched rodent spermatocytes and spermatids. These genes often appear to be specific for meiotic and postmeiotic cells, because in most cases they are not expressed in Sertoli cells and spermatogonia. Moreover, their human orthologs display strong germ cell expression, whereas they show no or only very weak signals in the somatic controls. As expected, the data obtained with purified meiotic and postmeiotic germ cell populations were confirmed by using isolated seminiferous tubules and total testis samples in all three species, because their testicular cell mass predominantly consists of meiotic and postmeiotic germ cells.
Tissue Profiling Analysis Reveals a Complement of Potentially Specific
Loci. The comparison of rodent with human samples suggested that most genes active in somatic Sertoli cells and mitotic spermatogonia are also expressed in a wide range of other cell-types (such as chondrocytes and smooth vascular muscle), whereas loci transcribed in meiotic spermatocytes and postmeiotic spermatids tend to be specific for the germ line. To identify putative testis-specific genes we therefore assembled a representative set of data from 24 normal mouse tissues available from the National Center for Biotechnology Information GeneOmnibus (www.ncbi.nlm.nih.gov/geo) (SI Fig. 8 and SI Table 2 ). This set includes five mouse testicular samples (A-and B-type spermatogonia, pachytene spermatocytes, postmeiotic round spermatids and total testis), one female reproductive cell type (cumulus-oocyte complex), one female tissue type (ovary) and 17 somatic controls. Among 1,269 transcripts not detected in any somatic controls only small groups were classified as somatic (28) and mitotic (45), whereas the vast majority fell into meiotic (561) and postmeiotic (642) clusters ( Fig. 3a and SI Fig.  8) . Analysis of the numbers of genes detected in the germ line and up to 17 somatic tissues shows that the majority of genes falling into the somatic and mitotic clusters are widely expressed, whereas most genes classified as meiotic or postmeiotic are not detected in any somatic controls (Fig. 3b) . Accordingly, the total number of genes identified increases massively in the case of somatic and mitotic genes but only moderately in the case of meiotic and postmeiotic genes, when expression in one or several somatic controls is permitted (Fig. 3c) .
To identify genes that are ''conserved, differentially expressed, and specific to testis'' (CDEST) (this abbreviation is also used in the BioMart query form of GermOnline) we asked which members of CDET were not detected in any of 17 somatic nontesticular control tissues. Using extremely stringent selection criteria, 80 genes were detected in the somatic (2), mitotic (3), meiotic (42), or postmeiotic (33) expression clusters (SI Fig. 9 a  and b) . When using profiling data for the identification of potentially important genes, one needs to bear in mind that their expression as detected by microarrays may not be absolutely testis-specific. For example, the conserved recombination enzyme Spo11, which is highly expressed in spermatocytes and essential for normal mouse spermatogenesis (24, 25) , is absent from the CDEST group because it is also detected in thymus and CD4 ϩ cells (see GermOnline). However, the biological significance for this finding is unclear, because Spo11 does not appear to play a role in immunological processes (26) .
The somatic and mitotic core testis-specific clusters shown in SI Fig. 9a include genes involved in Sertoli cell gene expression and lipid transport (Gata4, Abca1) and a transcription factor essential for mammalian testis differentiation (Dmrt1). The meiotic cluster contains genes known or predicted to be involved in meiotic cell cycle progression (Aurkc, Ccna1, Spdy1), spermatogenesis (Acrbp, Adam2, Adam18, Pla2g6, Ribc2, Tcfl5), and sperm motility (Ppp3r2, Smcp, Spag6). The postmeiotic cluster shown in SI Fig. 9b contains genes involved in cell growth regulation (Socs7), regulation of transcription (Ankrd5), spermatogenesis (Fscn3, Spag4l), spermiogenesis (Odf1, Odf3, Tnp2), sperm motility (Akap3) and fertility (Mmel1/Nl1, Spaca1, Spaca3, Zpbp). The results confirm and extend expressed sequence tag data obtained with pooled mouse spermatocytes (4933401K09Rik, 4933417C16Rik, 9630025C22) or testicular tissue (4930524B15Rik, 4930550C14Rik, 4933417A18Rik). Thus they suggest roles in male meiosis and gametogenesis for the genes corresponding to these expressed sequence tags.
Validating Expression Profiles by Chromosomal Localization. It was observed that the mammalian X chromosome is enriched for loci involved in brain development and genes expressed in mitotic spermatogonia, whereas it is devoid of loci showing peak expression in meiotic spermatocytes (for review, see ref. 27 ). The latter phenomenon is thought to be due to meiotic sex chromosome inactivation, a process causing wide-spread transcriptional silencing of X and Y from the meiotic prophase onward until late stages of spermiogenesis (28, 29) . Our results based on arrays that cover all currently known rodent genes confirm and extend earlier reports, because loci in the rodent mitotic and somatic expression clusters are clearly enriched on the X chromosome, whereas, remarkably, not one of 1,809 mouse and 1,413 rat genes showing peak expression in meiotic spermatocytes was X-linked (SI Fig. 10 ). Moreover, among 1,263 human homologs of mouse genes in the meiotic expression class, none (apart from 10 probe sets with erroneous annotation) were on the X chromosome. These results extend a similar chromosomal localization analysis carried out by others to the genome-wide level (30) . Importantly, they validate the meiotic expression cluster containing genes that show peak transcriptional induction in spermatocytes.
Correlating Germ-Line Expression and Reproductive Function. To study the correlation between DET and germ-line function, we used controlled vocabulary from the Gene Ontology Consortium (Fig. 4) . Such analysis demonstrates that genes showing peak expression in somatic Sertoli cells are involved in biological processes, such as steroid metabolism (P ϭ 5 ϫ 10 Ϫ6 ; 30 genes annotated) and cell adhesion (2 ϫ 10 Ϫ7 ; 94), whereas genes strongly induced in mitotic spermatogonia were associated with the cell cycle (P ϭ4 ϫ 10 Ϫ6 ; 141 genes annotated), germ cell development (2 ϫ 10 Ϫ5 ; 14), chromosome organization and biogenesis (6 ϫ 10 Ϫ4 ; 65), and DNA replication (6 ϫ 10 Ϫ5 ; 38). Interestingly, mitotic spermatogonia express many genes involved in embryonic development (P ϭ 7 ϫ 10 Ϫ4 ; 58 genes annotated) and more specifically gastrulation (10 Ϫ9 ; 22), the process where ecto-, meso-, and endoderm are established during early embryogenesis. The meiotic class covering spermatocytes contains genes required for reproduction (P ϭ 8 ϫ 10 Ϫ11 ; 57 genes annotated), spermatogenesis (10 Ϫ15 ; 44), the meiotic cell cycle (10 Ϫ5 ; 16), and protein degradation by the ubiquitin cycle (3 ϫ 10 Ϫ4 ; 68). Genes induced in postmeiotic spermatids are involved in reproduction (P ϭ 5 ϫ 10 Ϫ6 ; 64 genes annotated), spermatogenesis (9 ϫ 10 Ϫ7 ; 32), and fertilization (3 ϫ 10 Ϫ5 ; 10). Complementary results were obtained by searching the mouse data for gene ontology (GO) terms from the ontologies ''cellular component'' and ''molecular function.'' Importantly, similar patterns of enrichment were observed in the rat dataset (the human data were not further explored because the sample set lacked Sertoli cells and spermatogonia). The clusters defined by the CDET expression class were enriched for nearly the same GO terms as the initial complement of loci identified on the basis of differential testicular expression (Fig.  4) . Only relevant GO terms such as sexual reproduction (6 ϫ 10 Ϫ6 ; 6) and spermatogenesis (7 ϫ 10 Ϫ6 ; 5) were significantly enriched in the meiotic cluster as defined by the CDEST class (Fig. 4) .
Taken together, the results clearly demonstrate that the expression clusters correlate well with known processes, func- Fig. 4 . Biological Process GO term enrichment in four expression clusters containing genes differentially expressed in testis (DET), conserved and differentially expressed in testis (CDET), or conserved, differentially expressed, and specific to testis (CDEST). These abbreviations are also used in the BioMart query form of GermOnline. Probe set and corresponding gene numbers are given above each map. Each cluster is matched with enriched GO terms from the ontology ''biological process'' that are ordered according to peak expression in somatic (SO), mitotic (MI), meiotic (ME), and postmeiotic (PM) clusters. Numbers of genes associated with a specific GO term and enriched in each cluster are given within rectangles in bold as observed and as expected. A color code indicates overrepresentation (red) and underrepresentation (blue) as indicated in the scale bar.
tions and chromosomal localization patterns relevant for sexual reproduction. It is noteworthy that the core class of conserved meiotic and postmeiotic mouse loci contains 165 loci where no or extremely little information is available about their biological functions. Our findings enable us to infer roles for known genes not previously detected in male gonads and to provide clues for potential reproductive functions for many as yet poorly characterized rodent and human loci (see also GermOnline). For example, among the mitotic expression cluster showing peak expression in spermatogonia we identified loci involved in processes important for embryonic development, such as gastrulation (Hmgb1, Ppap2b, Smad4), somitogenesis (Pcdh8), and limb morphogenesis (Fbn2, Ptch1, Ski, Twist1). Furthermore, a combination of expression data and domain analysis suggests possible roles for D930005D10Rik in testicular signaling (RA; see the European Bioinformatics Institute (EBI) InterPro database at www.ebi.ac.uk/interpro for definitions of IPR000159; PDZ, IPR001478; and SMAD-FHA, IPR008984) and transcriptional regulation (forkhead-associated, IPR000253). Similarly, it predicts 4933401K09Rik to be involved in spindle pole body formation (homology with inner plaque spindle pole body component NUF1 from S. cerevisiae) and it implies a role for 4931407G18Rik in fertilization [similar to Zonadhesin (NM011741.1), which is required for binding of sperm to the zona pelludica (31)]. Likewise, 4632434I11Rik may encode a protein that binds nucleic acids (OB fold, IPR008994), whereas 4933417K04Rik, 4930579A10Rik, 4921513E08Rik, and 1700095F04Rik are predicted to be part of oligomeric complexes formed in spermatocytes and/or spermatids (coiled-coil domain). Efforts are currently under way to experimentally test some of these predictions.
Male Germ-Line Development and Somatic Cancer. De-repression of germ-line genes in nontesticular malignancies [cancer/testis (CT) genes] has been associated with hallmarks of cancer, such as genetic instability, immortality, and invasiveness (31) . For many CT genes broadly classified as being expressed in the testis, the dataset reported here reveals peak expression in Sertoli or germ cells. This includes loci strongly expressed in Sertoli cells, spermatogonia, and somatic controls (Lip1, Maged1, Maged2) and others that were found to be induced in spermatocytes (Adam2, Tdrd1) or spermatids (Cage1, Mageb5, Ssx) but that failed to be expressed to detectable levels in 17 somatic controls (see SI Fig. 9 a and b) . Peak expression in postmeiotic germ cells of human Cage1 (33) and its rodent orthologs (mouse Cage1: MGI:1918463; rat Ctag3 RGD:1306102) is consistent with the protein being a component of the acrosome, an organelle required for sperm-egg fusion (34) (SI Fig. 11 ). To identify novel CT gene candidates a detailed analysis of our germ cell data together with results from the Expression Project for Oncology is currently under way (F.C. and M.P., unpublished data).
Expression profiling of testicular cells further reveals links between male germ cells and various human somatic malignancies in unexpected ways. For example, the core meiotic expression cluster contains human Nmes1, a putative tumor suppressor gene strongly expressed in esophageal mucosa and down-regulated in corresponding cancer tissues (35) . Nmes1 and its mouse (MGI:3034182) and rat (RGD:1359583) orthologs are highly and reproducibly expressed in meiotic spermatocytes and in postmeiotic round spermatids. This marks out Nmes1 as a factor potentially involved in male germ cell proliferation and differentiation. Very strong expression of Mum1 [melanoma associated antigen (mutated) 1] in germ cells was observed across human and rodent orthologs (MGI:1915364; Mum1predicted, RGD:1308340), suggesting a novel role in spermatogenesis for this gene known to be involved in the progression of B-cell lymphoma/leukemia (36) (SI Fig. 11 and GermOnline). These cancer-related loci are interesting examples for which our data predict roles in male meiosis and gametogenesis.
Summary and Conclusions. In this article we report a cross-species whole-genome expression profiling analysis of the male germ line in mammals. Using high-density oligonucleotide microarrays and purified testicular cells together with whole-gonad samples, we determined the rodent testicular differential expression program and the core male meiotic transcriptome in mouse, rat, and human. A tissue profiling experiment, using selected somatic controls, enabled us to identify genes that appear to be specifically expressed in testicular germ cell populations. This approach thus yielded hundreds of conserved genes for which highly reliable and reproducible expression data were obtained in all three species during the critical meiotic and postmeiotic stages of sexual reproduction. The outcome of the work reported here provides the most comprehensive map of the mammalian testicular expression program at a cell-type specific level available to date. Moreover, it reveals a complement of conserved core loci predicted to be involved in meiosis and gametogenesis in the male. The dataset is thus an asset to the scientific and medical communities for ultimately gaining insight into the molecular events leading to human reproductive pathologies and de-repression of testicular genes in cancer.
Materials and Methods
Detailed descriptions of materials and methods are provided in SI Materials and Methods.
Feature-level data files (CEL) and RMA-normalized files corresponding to the Sertoli cells (SE), spermatogonia (SG), spermatocytes (SC), spermatids (ST), tubules (TU), and total testis (TT) samples are available at the European Bioinformatics Institute ArrayExpress public data repository (accession no. E-TABM-130). CEL feature level data files of all samples including human chondrocytes (CC) and smooth vascular muscle (SM) controls are available from the authors upon request.
